Greenhouse effect is responsible for keeping average temperature of Earth's atmosphere at level of about 288 K. Its intensification leads to warming of our planet and may contribute to adverse changes in the environment. The most important pollution intensifying greenhouse effect is anthropogenic carbon dioxide. This particular gas absorbs secondary infrared radiation, which in the end leads to an increase of average temperature of Earth's atmosphere. Main source of CO 2 is burning of fossil fuels, like oil, natural gas, and coal. Therefore, to reduce its emission, a special CO 2 capture and storage technology is required. Carbonaceous materials are promising materials for CO 2 sorbents. Thus multiwalled carbon nanotubes, due to the lack of impurities like ash in activated carbons, were chosen as a model material for investigation of acid treatment impact on CO 2 uptake. Remarkable 43% enhancement of CO 2 sorption capacity was achieved at 273 K and relative pressure of 0.95. Samples were also thoroughly characterized in terms of texture (specific surface area measurement, transmission electron microscope) and chemical composition (X-ray photoelectron spectroscopy).
Introduction
It has been observed during the last 60 years of continuous measurements that concentration of CO 2 in the atmosphere is steadily increasing [1] . According to the obtained data, concentration of this particular greenhouse gas was about 315 ppm in March 1958 and in November 2016 reached 404 ppm [2] . Compared to preindustrial revolution level, that is, 280 ppm, it is almost a 50% increase of carbon dioxide concentration [3] . Simultaneously the average temperature of atmosphere is increasing [1] . According to NASA's Goddard Institute for Space Studies (GISS) [4] , the highest temperature increase was observed in 2015. It was an increase of 0.87 K relative to baseline established on 1951-1980 average temperatures. In order to abate these changes in Earth's atmosphere the international agreements, like the one from Kyoto and COP21 [5, 6] , about decreasing emissions of greenhouse gases are implemented. Their goal is to mitigate consequences or to even prevent climate from further changes.
Environment restrictions require reducing carbon dioxide emission. Removal of CO 2 may be performed by, for instance, membrane separation [7] , cryogenic method [8] , or solid or liquid sorbents [9] [10] [11] [12] . Those methods may be implemented for capturing carbon dioxide from precombustion, postcombustion, oxyfuel combustion, and chemical looping combustion [13] . Postcombustion method is crucial for conventional power plants using fossil fuels. It requires solid state adsorbents or liquid absorbents. The most common liquid absorbents are amines [14] . Nevertheless, those chemicals are toxic and corrosive, may decompose during regeneration step, and are dangerous for the environment. Any leakage may lead to serious consequences in nature surrounding the installation. Therefore, to prevent possible drawbacks of liquid absorbents, the solid adsorbents, especially carbonaceous materials, are possible alternatives [15] . Activated carbons, depending of the source of a precursor, may contain inorganic matter, also known as ash [16, 17] . The inorganic matter content in activated carbons due to its variety and complexity 2 Journal of Nanomaterials greatly impedes understanding of phenomena responsible for CO 2 sorption. On the other hand, carbon nanotubes are extremely pure and well defined materials containing tiny amounts of catalyst, which may be removed in simple acid treatment with hydrochloric acid [18] . Therefore the MWCNT may be used as a model material, helpful for explanation of effects occurring during modification. There are many comprehensive research papers about modification of multiwalled carbon nanotubes, for instance, impregnating them with amines [19, 20] . Some of them use two-step method, including as a first step of oxidizing with a nitric acid or a mixture of nitric and sulfuric acids. However, those oxidized materials are usually not fully characterized; thus changes of material properties cannot be properly understood and explained.
This research paper consists of preparation of carbon dioxide adsorbent based on multiwalled carbon nanotubes and its characterization. Modification was performed by treating raw material with both oxidizing agents: nitric acid and a mixture of sulfuric and nitric acids. The aim of this paper was to emphasize changes occurring during oxidation of multiwalled carbon nanotubes by evaluation of pore size distributions from nitrogen adsorption/desorption isotherms at 77 K and carbon dioxide adsorption/desorption isotherms at 273 K. Both distributions were evaluated by a density functional theory method (DFT). Enhanced CO 2 sorption capacity was correlated with increased volume of micropores below diameter of 0.8 nm. We strongly believe that all presented results combined will be useful for other research teams interested in carbon nanotubes and environmental chemistry.
Materials and Methods

Chemicals and Materials.
Commercial multiwalled carbon nanotubes obtained from Sigma Aldrich, (724769 ALDRICH, CAS number 308068-56-6) were chosen as a starting material for the preparation of CO 2 adsorbents. These nanotubes were prepared by chemical vapor deposition (CVD) using cobalt and molybdenum as catalyst (CoMo-CAT). Nitric acid (65% p.a., CHEMPUR) and sulfuric acid (95% p.a., CHEMPUR) were used for the modification.
CO 2 uptake measurements were performed with high purity carbon dioxide (5.0, Air Liquide, Poland).
2.2.
Experimental. 200 mg of pristine material was placed in round-bottom flask with three necks (each neck with ground glass joint). 25 ml of concentrated nitric acid was added dropwise via a dropping funnel. Mixture was stirred on a magnetic stirrer under reflux at 373 K for 6 hours. Temperature controller was used for keeping stable temperature during the process. Thermocouple type K was placed in a glass pipe (outer diameter of 5 mm) with one end sealed in the acid. The second end was placed tight in the neck. After the oxidation, sample was washed up to ∼7 pH and dried under vacuum at 373 K overnight. The same procedure was used with a mixture of concentrated nitric and concentrated sulfuric acid ( HNO3 : H2SO4 1 : 3). Starting, unmodified material will be further referred to in this paper as CNT pristine and modified samples will be referred to as "CNT" followed by name of acid used for this particular treatment. For instance, carbon nanotubes after nitric acid treatment will be referred to as CNT HNO 3 .
Methods.
Specific surface area (SSA) was measured by N 2 adsorption-desorption isotherm measurement at 77 K and relative pressure up to 0.99 (Quantachrome; Autosorb Instrument). SSA was calculated using the Brunauer-Emmett-Teller (BET) equation. The total pore volume ( total ), including micro-, meso-, and some macropores of specific diameters, was estimated from the amount of nitrogen adsorbed at the highest / 0 ratio. Quenched solid density functional theory (QSDFT) based on N 2 adsorption/desorption isotherms for the cylindrical pore model was used to determine pore size distributions (PSD) and micropore volume ( micro ) for pores up to 2 nm diameter. Before the analysis, samples were degassed at 373 K under vacuum for 16 h.
Carbon dioxide sorption capacity was measured at 273 K and relative pressure up to 0.95 in a volumetric apparatus (Quadrasorb SI Automated Surface Area & Pore Size Analyzer; Quantachrome Instruments). Nonlocal density functional theory (NLDFT) based on CO 2 adsorption/desorption isotherms was used to determine PSD and submicro for pores up to 0.8 nm diameter. Before the analysis, samples were degassed at 373 K under vacuum for 16 h.
Chemical composition was performed via X-ray photoelectron spectroscopy analysis. Measurements were performed in a commercial multipurpose (AES, UPS, LEED, XPS) UHV surface analysis system (PREVAC). The system includes two chambers for preparation and analysis. The analysis chamber is equipped with nonmonochromatic Xray photoelectron spectroscopy and kinetic electron energy analyzer (SES 2002; Scienta). The calibration of the spectrometer was performed using Ag 3d 5/2 transition. Prior to the measurement samples were degassed. The XPS analysis was performed using Al K (ℎ = 1489.6 eV) radiation. The small charging effects were corrected via attribution of carbon peak C 1s to 284.6 eV binding energy. The charge correction using C 1s signal is the standard procedure as traces of carbon are commonly present in typical samples under vacuum conditions [28] .
Diameters of the carbon nanotubes were measured via high-resolution transmission electron microscope (HRTEM) operating at 200 kV (FEI, Tecnai F20). Samples were prepared by drop casting diluted suspension onto copper grids and dried at room temperature for 24 h. Table 1 presents textural parameters obtained with BET method and CO 2 sorption capacity. N 2 adsorption/desorption isotherms of all samples are presented in Figure 1 (adsorption isotherm is indicated by a curve with filled objects and desorption isotherm is indicated by a curve with blank objects). These isotherms exhibit a type V shape for two modified samples and type V shape with continuous adsorption at / 0 ≈ 1, for pristine material. Type V isotherms are characteristic for porous material with dominating mesopores. Type V was assigned 
Results and Discussion
Textural Characterization.
CNT Modification led to changes in specific surface area. An increase of SSA for CNT HNO 3 and a decrease for CNT H 2 SO 4 /HNO 3 was observed. It was reported by other research papers [21, 22] that oxidizing of the carbon nanotubes may lead to removing impurities and cutting nanotubes and/or opening their ends, resulting in an increase of SSA. However, oxidizing of the MWCNT may lead to formation of defect structures resulting in a significant decrease of SSA, as stated in [23] from 236 m 2 /g to 2 m 2 /g. The highest obtained specific surface area does not correlate with the highest sorption capacity. This phenomenon will be explained later in this paper. Table 2 presents papers about oxidation of multiwalled carbon nanotubes and its impact on specific surface area.
Presented papers prove that SSA of MWCNT may increase after oxidation step. Of course, it is possible for specific surface area to decrease, due to high oxidation and compaction of the sample, as reported in [23] , but it was not observed in our research.
Changes of macropore and submicropores volume are observed. The total pore volume ( total ) of the samples CNT pristine, CNT HNO 3 , and CNT H 2 SO 4 /HNO 3 was obtained for pores smaller than 158.8 nm, 156.0 nm, and 180.6 nm, respectively. One can notice that total is being reduced in each treatment; thus it decreases the volume of macropores. On the other hand, Table 1 also presents submicropore volume for pores diameter up to 0.8 nm calculated from CO 2 adsorption/desorption isotherms at 273 K. Pore size distributions for all samples were presented in Figure 2 . DFT and BJH methods were used to compare results. As it may be seen, both methods indicate for sample CNT H 2 SO 4 /HNO 3 disappearing of pores above diameter of ∼15 nm. However, due to DFT versatile use for microporous and mesoporous materials, we believe that PSD in Figure 2 (a) is in agreement with actual pores structure. Furthermore, DFT is considered as a better method of analyzing nanopores than BJH, as stated in [29] . On the other hand, BJH method Journal of Nanomaterials may be used for evaluating PSD for pores with higher diameter than 30 nm, thus presenting results for whole mesoporous structure. It is clearly visible that larger mesopores disappear, on the benefit of increasing volume of smaller mesopores and even pores with diameter of 2 nm, which could be classified as micropores. It is well established that the increase of submicropore volume enhances CO 2 uptake [30] [31] [32] [33] . The submicropore volume increases significantly in modified samples compared to pristine material, that is, by 10 and 30%. One can notice an apparent discrepancy; that is, submicropore volume of pore width up to 0.8 nm is larger for each sample than micropore volume of pores to 2 nm. The reason why there is such a difference is related to limitations of used methods. The submicropore volume is determined by CO 2 sorption. Carbon dioxides at 273 K penetrate micropores (smaller than 2 nm) much more efficiently than nitrogen at 77 K. CO 2 adsorption/desorption isotherms allow determining pore size distribution up to about 1.5 nm. On the other hand, N 2 adsorption/desorption isotherms allow determining pore size distribution from about 1.5 nm. Thus, each method covers some range of pore diameters without the possibility of detecting other diameters. In other words the CO 2 sorption method is blind for pores bigger than 1.5 nm and N 2 sorption method is blind for pores smaller than 1.5 nm. 2 Adsorption. CO 2 adsorption isotherms are presented in Figure 3 . It was revealed that both acid treatments led to enhancement of carbon dioxide sorption capacity. The highest enhancement can be observed for multiwalled carbon nanotubes after modification with mixture of nitric and sulfuric acids. However, sample CNT H 2 SO 4 /HNO 3 has the lowest total pore volume, due to a significant reduction of macropores and increased volume of smaller mesopores and micropores. Thus, all these changes may influence CO 2 sorption enhancement. Figure 4 presents pore size distributions for pristine and modified samples. Micropores, especially up to 0.8 nm, are crucial for the CO 2 sorption capacity, due to accessibility of those pores for carbon dioxide particles [34] . Volume of this pores increased after both acid treatments, which correlates with increase of CO 2 uptakes presented in Table 1 . Table 3 .
CO
XPS Analysis. X-ray photoelectron spectroscopy was performed to analyze the chemical composition of carbon nanotubes. Obtained results are presented in
Both acid treatments introduce oxygen and nitrogen to the carbon nanotubes, with the highest oxygen and nitrogen content for the sample after modification with a mixture of nitric and sulfuric acids. Table 4 presents results of oxidation ratio from other research papers.
There are reports in literature about high oxidation after mild nitric acid treatment. However, results presented in this paper are similar to some already reported in other research papers. As it may be noticed, oxidation of carbon nanofibers in concentrated acid for 2 hours resulted in O/C ratio lower than our sample CNT HNO 3 treated for 6 hours. Oxidation of MWCNT in mild solution of a mixture of HNO 3 /H 2 SO 4 at boiling point resulted in similar results for our CNT H 2 SO 4 /HNO 3 only after 4 days. It seems that time of the process is crucial.
Deconvolution of C 1s, O 1s, and N 1s signals was performed for sample CNT H 2 SO 4 /HNO 3 and it was presented in Figures 5, 6 (a), and 6(b), respectively. In case of C 1s signal the following functional groups were identified [35] [36] [37] : graphite (sp 2 C) 284.6 ± 0.3 eV, carbon in defects (sp FWHM (full width at half maximum) was set at the same value for each component, due to the same transition, except satellite. In case of O 1s signal the following functional groups were identified [35, 38] : NO 2 , C=O 531.1 ± 0.3 eV, C-O 532.8 ± 0.5 eV, and COOH 534.2 ± 0.3 eV. FWHM was set at the same value for each component, due to the same transition.
According to [39, 40] , the following components were used for a deconvolution of N 1s signal: C-N-C (pyrrolic-N) 400.4 ± 0.3 eV, N-(C) 3 (graphitic nitrogen) 401.4 ± 0.3 eV, and NO 2 ∼406 eV. Nitrogen signal is divided into two separate peaks. The left one, at higher binding energies, may be associated with NO 2 group, due to binding nitrogen with more electronegative oxygen. One can notice that the right peak, at binding energies 400-402 eV, is asymmetric and thus composed of at least two components. The component B1 should be associated with pyrrolic nitrogen and the component B2 with graphitic nitrogen. C 1s signal for raw and after acid treatment samples was normalized and presented in Figure 7 . Normalization was performed to emphasize the differences in signal shape. Both modifications with acids led to appearance of a higher shoulder on the left side of the main peak compared to pristine material. Constituents in this particular shoulder are based on carbon-oxygen and carbon-nitrogen bonds, like those presented in deconvoluted signal in Figure 5 . To determine changes in constituents content, all C 1s signals for raw and modified samples were deconvoluted and results are presented in Table 5 . As it may be seen, content of functional groups containing oxygen increases after modification with acids. Thus, it confirms increased oxygen concentration in multiwalled carbon nanotubes and confirms graphite content decrease. The functional groups containing nitrogen are introduced to the structure of CNT. Those constituents influence shapes of C 1s signal as it was mentioned before. Nevertheless, deconvolution of C 1s is a very difficult task, due to presence of few possible components with similar binding energies.
Nitric acid and a mixture of nitric and sulfuric acids are well known for their oxidizing properties. Figure 7 contains results of an impact on C 1s signal of oxidizing the material. Figure 8 presents intensity changes of O 1s signal, which correlate with data in Table 3 . It may be observed that both treatments introduce the oxygen to carbon nanotubes, with the highest content for the sample CNT H 2 SO 4 /HNO 3 . Functional groups are responsible for chemical character of samples surface. Acidity is closely associated with the oxygen groups, like those from Table 5 [41] . As it may be seen, their content increases after treatment. On the other hand, basicity may be related to resonating -electrons of carbon aromatic rings, which attract protons and basic surface functionalities, for instance, functional groups containing nitrogen [41] . Moreover, the acids treatment through oxidation may open the ending of MWCNT [42] and may create intercalates, that is, increase of the distances between graphitic layers. This may lead to increase of submicropore volume which is crucial for CO 2 uptake. CO 2 sorption capacity for all samples will be an overall result of those two effects. Figure 9 presents comparison of N 1s signals for samples CNT pristine, CNT HNO 3 , and CNT H 2 SO 4 /HNO 3 . We believe that nitrogen in pristine sample was below the detection limit; thus Figure 9 presents only noise for CNT pristine. As it may be noticed, oxidizing material with a mixture of HNO 3 and H 2 SO 4 resulted in higher nitrogen content in the structure of multiwalled carbon nanotubes. Figure 10 confirm the typical multiwalled carbon nanotubes structure of pristine material. Figure 10 (a) presents a clear fragment of this single structure with multiple walls of nanotubes and its empty center. Micrographs in Figures 10(b) , 10(c), and 10(d) were used to perform statistical analysis of CNT diameters. Based on average of 33 diameters' measurements it was observed that they exhibit normal distribution. Therefore they can be described with two parameters, that is, an average diameter and standard deviation. Results are presented in Table 6 and normal distributions are presented in Figure 11 .
TEM Results. TEM images presented in
One can notice that acid treatment leads to slight yet observable change of average diameter of CNT. Moreover the content of CNT of small diameter is lower after acid treatment. The possible mechanism of observed phenomenon may be oxidation of carbon in external layers of MWCNT to CO and/or to CO 2 , resulting in smaller average diameter than pristine material. However, this mechanism applies to all CNT during the process; thus wider nanotubes are being narrowed and narrow nanotubes may disappear during the process of oxidation. This is in an agreement with data presented in Figure 11 . Sample CNT H 2 SO 4 /HNO 3 has narrower normal distribution than sample CNT pristine, which proves mentioned mechanism. Similar results were observed as well in [43] .
As reported in [44] , a decrease of carbon nanotube diameter leads to an increase of specific surface area. It can be expected that an increase of CNT diameter leads to a decrease of SSA. Experimental data presented in the paper proves this report from literature. Sample CNT HNO 3 has lower average diameter than pristine material and higher SSA -240 m 2 /g for pristine material and 265 m 2 /g for CNT HNO 3 . On the other hand, sample CNT H 2 SO 4 /HNO 3 has SSA of 233 m 2 /g and higher average diameter.
Conclusions
Multiwalled carbon nanotubes may be used as a simple model carbon structure for investigation of modification effects of other more complex carbon-based adsorbents. Treating MWCNT with oxidizing acids led to an increased CO 2 sorption capacity. An 31% and 45% sorption enhancement for nitric acid and a mixture of nitric and sulfuric acids was observed, respectively. The sorption enhancement occurs despite the fact that those treatments have increased acidity by introducing acidic functional groups to the surface of materials as confirmed by XPS. The CO 2 enhancement is attributed to increase of the pore volume of submicropores. The decrease of macropores was observed which is believed to have no impact on CO 2 sorption. However this effect may be useful in obtaining more compact and dense materials. than starting material, increasing occurrence of medium (∼15 nm) diameters.
XPS analysis confirmed oxidizing of the material, due to an increase of oxygen concentration, and confirmed presence of nitrogen functional groups on the surface.
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